The mechanical properties of vertical single-crystal ZnO nanowires on ZnO:Ga/glass templates were characterized by nanoindentation experiments in this work. The results from x-ray diffraction and Raman spectra show good crystal quality for the ZnO nanowires. The buckling loads were found to be 1465 and 215 μN for ZnO nanowires of 100 and 30 nm diameters, respectively. When the fixed-fixed column mode was used, it was found that the Young's modulus values of the ZnO nanowires of 100 and 30 nm diameters were 117 and 232 GPa, while the critical buckling strains were 0.62% and 0.35%, respectively. On the other hand, when we employed the fixed-pinned column mode, it can be seen that the Young's modulus values were 229 and 454 GPa, while the critical buckling strains were 0.32% and 0.18%, respectively. Buckling behaviour of the ZnO nanowires was significantly predicted by the Euler buckling model in this work.
Introduction
One-dimensional (1D) materials such as nanowires, nanobelts and nanorods have attracted considerable interest in recent years. They present the utmost challenge to semiconductor technology, making fascinating novel devices possible. It has been demonstrated that these 1D materials exhibit superior electrical, optical, mechanical and thermal properties. It has also been shown that these materials are potentially useful for nanoscale interconnects, active components of optical electronic devices and nanoelectromechanical systems (NEMS). However, it is important to understand the mechanical characteristics of these nanowires prior to any feasible applications [1] [2] [3] .
For example, mechanical properties of carbon nanotubes (CNTs) have been studied extensively by tensile loading, bending and buckling [4] [5] [6] [7] [8] [9] [10] .
To our knowledge, mechanical properties of various Si and III-V semiconductor-based nanowires have also been reported [11] [12] [13] .
1D oxide systems such as SnO 2 [14] , tungsten oxide (W 18 O 49 ) [15] , GeO 2 [16] , indium tin oxide (ITO) [17] , Al 2 O 3 [18] and ZnO [1-3, 19, 20] nanowires have also attracted much attention in recent years. Among them, ZnO is an n-type direct-gap semiconductor with a large exciton binding energy of 60 meV and wide bandgap energy of 3.37 eV at room temperature. Hence, ZnO is regarded as a promising photonic material [21, 22] . However, only a few reports on the mechanical properties of ZnO nanowires can be found in the literature [1, 2, [23] [24] [25] . Previously, Song et al [1] used atomic force microscopy (AFM) to measure the elastic properties of vertically aligned ZnO nanowires. By scanning AFM tips across the aligned nanowires and simultaneously recording the topography and lateral force image, they successfully determined the elastic modulus of individual aligned ZnO nanowires. Chen et al [2] used the electric-field-induced resonance method to investigate the Young's modulus of ZnO nanowires with diameters ranging from 17 to 550 nm. Saitoh et al [23] formed highly oriented Al:ZnO whiskers on a c-cut sapphire substrate and analysed these whiskers using nanoindentation. By performing compressing tests, they also investigated the breakage behaviours of these whiskers. Very recently, it has been reported that vertically well-aligned ZnO nanowires can be grown on glass substrates [20] . Since glass substrates are transparent, inexpensive and commercially available in large sizes, growing ZnO nanowires on glass substrates is potentially useful for various optoelectronic devices. However, the mechanical properties of the ZnO nanowires prepared on glass substrate have not been reported yet. In this work, we deposited vertically well-aligned ZnO nanowires on ZnO:Ga/glass templates and performed nanoindentation tests to study the buckling instabilities of the vertically well-aligned ZnO nanowires. Based on the Euler buckling model, we estimated the Young's modulus (elastic modulus) of the ZnO nanowires. The relationship between the critical buckling stress (σ cr ) and the slenderness ratio for one single ZnO nanowire will also be discussed.
Experiments
The self-catalyzed vapour-liquid-solid (VLS) method is commonly used to grow ZnO nanowires [20, 26, 27] . It was first proposed by Hu et al [28] . When the temperature is high enough, they suggested that Zn deposits will be vapourized and then transformed into liquid droplets in lowtemperature regions. Liquidized zinc then reacts with O 2 to form ZnO nanowires. Yao et al [29] also reached a similar conclusion. In this study, we used the self-catalyzed VLS method to prepare vertically well-aligned ZnO nanowires on glass substrates [20] . Prior to the deposition of ZnO nanowires, we first deposited a 50 nm-thick Ga-doped ZnO film directly on glass substrates by radio frequency (RF) sputtering. X-ray diffraction (XRD) results revealed that the sputtered ZnO:Ga film was preferably oriented in the (002) direction. The evaporation process was carried out in a quartz tube located in a horizontal tube furnace. The diameter and length of the quartz tube were 5 cm and 70 cm, respectively. The zinc vapour source was 99.9%-pure zinc metal powder from Strem Chemicals. During the growth of ZnO nanowires, we placed the ZnO:Ga/glass template together with the zinc vapour source on an alumina boat and inserted them into the quartz tube of the furnace. It should be noted that we carefully controlled the positions of the ZnO:Ga/glass template, zinc vapour source and alumina boat so that they were located at the same horizontal level and were heated at the same temperature. A mechanical pump was then used to evacuate the system. A programmable temperature controller was used to control precisely the furnace temperature with an accuracy of ±1
• C and keep the heating ramp at 20
• C min −1 . Initially, we only introduced argon gas with a flow rate of 54.5 sccm into the furnace. When the temperature reached 420
• C, we started to pour oxygen gas into the chamber with a flow rate of either [27] . When the temperature reached 600
• C, we stopped increasing the temperature. During the growth of ZnO nanowires, the pressure inside the quartz tube and the growth time were kept at 10 Torr and 20 min, respectively.
XRD was then used to characterize the crystallographic properties of the as-grown ZnO nanowires.
Raman measurement was performed under a micro-Raman spectrum system (Jobin Yvon) with a 532 nm yttrium aluminium garnet (YAG) laser excitation at room temperature. The surface morphologies of samples and the size distribution of the nanowires were characterized using a LEO 1530 field-emission scanning electron microscope (FESEM), operated at 5 keV. Investigation of the buckling behaviour of the nanowires was performed by a nanoindentation system (Hysitron Triboscope, Hysitron Inc., Minneapolis, MN, USA). Uniaxial compression on the exposed nanowiers was accomplished with a diamond indenter of 2 μm diameter, as shown in figure 1.
Results and discussion

Figures 2(a) and (b) shows FESEM images (with a 30
• tilt angle) of the as-grown samples A and B, respectively. We found the typical diameter, length and density of the ZnO nanowires for sample A were approximately 100 nm, 2000 nm and 8.2 × 10 9 cm −2 , while those of sample B were estimated to be 30 nm, 800 nm and 1.2 × 10 10 cm −2 , respectively. It was found that these ZnO nanowires were distributed uniformly across the entire substrate and the tops of these nanowires were hexagonal, with the c-axis perpendicular to the substrate surface [20] . Figure 3 shows the measured XRD spectrum of the samples. The peak occurring at 2θ = 34.3
• in the spectrum originates from the (002) plane of the ZnO semiconductor. We also observed a ZnO(004) XRD peak at 2θ = 72.8
• . Such a result indicates that the ZnO nanowires were preferentially grown in the c-axis direction. Figure 4 shows room-temperature Raman spectrum of the two samples. It is well known that Raman spectra are sensitive to crystallization, structural disorder and defects in micro-and nanostructures. Wurtzite hexagonal ZnO belongs to the C 4 6V (P6 3 mc) symmetry group, with two formula units per primitive cell, where all atoms occupy C 3V sites. Group theory predicts that single-crystalline ZnO has eight sets of optical phonons near the centre of the Brillouin zone and hence is classified as = A 1 + 2B 1 + E 1 + 2E 2 . Among these, the A 1 and E 1 modes are both Raman and infrared active. Moreover, these A 1 and E 1 modes are polar and split into two transverse optical (TO) and longitudinal optical (LO) phonons. The E 2 modes are Raman active only while the B 1 modes are silent [30] . As shown in figure 4 , the appearance of a high-intensity, dominant, sharp and strong peak at 437 cm −1 is attributed to the Raman active optical phonon E 2 mode of ZnO, confirming that the ZnO nanowires have the wurtzite hexagonal phase [31] . Two weak peaks at 332 and 381 cm −1 are also observed, assigned as E 2H -E 2L (multi-phonon) and A 1T modes, respectively. The peak at 583 cm −1 is attributed to the E 1L mode, which might be observed due to the misalignment of the nanowires or the formation of defects such as zinc interstitials and oxygen vacancies. Therefore, the presence of a high-intensity, sharp and dominant E 2 mode in the Raman spectrum indicated that the hexagonal ZnO nanowires formed are highly crystalline with the wurtzite hexagonal phase and with significantly fewer structural defects.
Samples A and B with the vertical ZnO nanowires with 100 and 30 nm diameters were used in the nanoindentation tests. The nanowires were loaded to a prescribed force and then unloaded in a force-controlled mode. Since these tests were destructive, ten tests were conducted to check for repeatability. It was found that the ZnO nanowires with a diameter of 100 nm all exhibit similar characteristics, with a standard deviation smaller than 10%. A similar standard deviation was found for the ZnO nanowires with a diameter of 30 nm.
The force-depth curves for the ZnO nanowire samples A and B are shown in figure 5 and the plot represents a loadingunloading cycle. The loading portion consists of three stages: an initial increase, followed by a sudden drop in the slope and the curve becoming flat, and a third stage comprising an The behaviour of an ideal column or nanowire compressed by an axial load P can be summarized as follows: (1) if P < P cr , the column is in stable equilibrium in the straight position; (2) if P = P cr , the column is in a neutral equilibrium in either the straight or a slightly bent position; (3) if P > P cr , the column is in an unstable equilibrium in the straight position and will buckle under the slightest disturbance [30] . The critical loads for columns with various support can be related to the critical load of a pinned-end column through the concept of an effective length (L e ); a general formula for critical loads can be derived from the buckling equation as follows [32] :
where E is the Young's modulus and the second moment of
for the column (i.e. a vertical ZnO nanowire). Note that such a type of buckling is called Euler buckling, and the critical load for an ideal elastic column is often called an Euler load. The effective length is expressed in terms of an effective-length factor K :
where L is the actual length of the column. Thus, the critical load is given by
The buckling behaviour of ZnO nanowires in this work can be approached using two possible conditions as follows:
(1) K = 0.5, i.e. L e = 0.5 L-a nanocolumn with both ends fixed against rotation is called a fixed-fixed column, where
); (2) K = 0.7, i.e. L e = 0.7 L-a nanocolumn fixed at the base and pinned at the top is called a fixed-pinned column, where
). For an Euler buckling column, the critical buckling strain is given by ε cr = σcr E , where the critical buckling stress σ cr = Pcr A [32] . As shown in table 1, we can estimate the critical buckling stress (σ cr ), critical buckling strain (ε cr ) and Young's modulus (E) of ZnO nanowires from the critical buckling load of individual ZnO nanowires. For comparison, experimental results observed from ZnO nanowires prepared on GaAs substrates [33] and ZnO thin films [2, 34] are also listed in the same table. These findings seem to suggest that ZnO is a ductile-like material. Based on our theoretical Euler buckling calculations, it was found the Young's modulus of ZnO nanowires increases with decreasing diameter. These results agree well with the work of molecular dynamics (MD) simulations performed by Kulkarni et al [25] , as well as the experimental results reported by Chen et al [2] . This behaviour can be attributed to high compressive internal stress levels resulting from the surface stress and high surface-to-volume ratios on the nanoscale [2, 25] . In other words, because our experimental nanowires are high-quality single crystals with few defects, it is expected that such a phenomenon of size dependence may originate from the surface modification of nanowires, as the surface effect becomes significant due to the large surface-to-volume ratio. Figure 6 shows how the critical buckling stress (σ cr ) varies with the slenderness ratio for one single ZnO nanowire. For wires of intermediate lengths, the stress in the wire exceeds the proportional limit before buckling begins. Hence, the axial stress (σ ) reaches the proportional limit before the elastic critical loading is reached. It can be seen that if ideal loading is wholly elastic, then the load may be increased slowly and with complete stability until it reaches the critical buckling stress (σ cr ), governed by the elastic instability, whereupon catastrophe is immediate. If ideal loading is wholly plastic on the other hand, then the material's yield strength limits the load that can be applied. Failure in practice is governed by elastic-plastic interaction, such as the dashed locus of the sketch. Thus, the load-carrying capacity of a wire decreases significantly as the slenderness ratio L/r increases, especially in the middle region of (L/r ) c values.
Conclusion
In summary, we report the experimental observations of buckling instabilities in vertical single-crystal ZnO nanowires grown on ZnO:Ga/glass templates by a self-catalyzed vapourliquid-solid process without any metal catalyst.
X-ray diffraction and Raman spectra all show good crystal quality of our ZnO nanowires. The mechanical properties of vertical ZnO nanowires under uniaxial compression were performed by using the nanoindentation technique. The critical buckling loads of the ZnO NWs are found to be 1465 and 215 μN for samples A (100 nm diameter) and B (30 nm diameter), respectively. Furthermore, the buckling energies were 3.62 × 10 −10 J and 3.69 × 10 −11 J for samples A and B, respectively. The Euler buckling model can be employed in evaluating the Young's modulus (E) and the critical buckling strain (ε cr ) of individual ZnO nanowires. A size dependence of Young's modulus in [0001]-oriented ZnO nanowires has been found in this work.
